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The National Bureau of Standards

Functions and Activities

The functions of the National Bureau of Standards are set forth in the Act of Congress, March
3. 1901, as amended by Congress in Public Law 619, 1950. These include the development and
maintenance of the national standards of measurement and the provision of means and methods for
making measurements consistent with these standards; the determination of physical constants and
properties of materials; the development of methods and instruments for testing materials, devices,
and structures; advisory services to government agencies on scientific and technical problems; in-
vention and development of devices to serve special needs of the Government; and the developmcnt
of standard practices, codes, and specifications. The work includes basic and applied research,
development, engineering, instrumentation, testing, evaluation, calibration services, and various
consultation and information services. Research projects are also performed for other government
agencies when the work relates to and supplements the basic program of the Bureau or when the
Bureau's unique competence is required. The scope of activities is suggested by the listing of
divisions and sections on the inside of the back cover.

Publications

The results of the Bureau's work take the form of either actual equipment and devices or pub.
.lished papers. These papers appear either in the Bureau's own series of publications or in the journals
of professional and scientific societies. The Bureau itself publishes three periodicals available from
the Government Printing Office: The Journal of Research, published in four separate sections,
presents complete scientific and technical papers; the Technical News Bulletin presents summary
and preliminary reports on work in progress; and Basic Radio Propagation Predictions provides
data for determining the best frequencies to use for radio communications throughout the world.
There are also five series of nonperiodical publications: Monographs, Applied Mathematics Series,
Handbooks, Miscellaneous Publications, and Technical Notes.

Information on the Bureau's publications can be found in NBS Circular 460, Publications of the
National Bureau of Standards ($1.25) and its Supplement ($1.50), available from the Superintendent
of Documents, Government Printing Office, Washington 25, D.C.
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X-ray Attenuation Coefficients from
10 kev to 100 Mev

Rosemary T. McGinnies
A revision is given of the X-ray attenuation coefficients presented in National Bureait

of Sthmdards Circular 583. Table 4 of that publication is eliminated, and a flew table is
given for etich material for photon energies less than 100 key. The micertainties in the
estimates of atteniltition coefficients at. low energies are from 3 to 5 percent, which is the
same as was previouslY given at. higher energies. Thv cross sections for scattering are
unchanged. Two values are listed for the photoelectric cross section, one calculated from
(he Sauter-Stobbe formulas and the other derived from new experimental evidence. The
procedures for smoothing experimental data are described and are generally the saine as
were used in Circular 583. In addition to the systematic coverage of the region from 10 key
to 100 Mev, sore data are incluhd for : number of elemtents based on experimental imeasuire-
ments below 10 key and vdove 100 Mev. A comparison is made between calculat ed and
experimental total att enuationi coeflicients it energies above 10 *hvv.

1. Introduction
The estimates of X-ray attenuation coefficients The empirical corrections to calculated photo-

presented in National' Bureau of Standards electric cross sections at energies below 100 key
Circular 583 [1] were based on a combination for low-Z materials given in table 4 of Circular
of theoretical calculations and available experi- 583 were based on a small number of experimental
ment-al evidence, with judicious interpolations data, all of which were obtained by obsolete
between them. Inaccuracies in the values below techniques. This low-energy region has now
50 key were thought to approach 10 percent, been studied quite extensively below 30 or 40
especially for light, elements, hut probably not to key by modern experimental methods [4, 5, 6, 7,
exceed 3 to 5 percent above 100 .kev. Experi- 8]. It appears that calculations based on the
mental data obtained in the past few years enable Sauter-Stobbe formula, are in somewhat better
us to revise the estimates at. low energies so that accord with experiment for low-Z materials and
they are of the same accuracy as the others, for 10 to 40 key photons than was previously
The main tables in this revision are intended to indicated. On the other hand, data at low
replace the low-energy portions of the tables in energies for the hiigh-Z materials require con-
Circular 583. The footnotes to these tables are siderable revision of attenuation coefficients below
omitted even though they still apply. The the K absorption edges. The reason for this is
columns giving the cross sections for coherent that a hydrogen-like approximation, such as is
and incoherent scattering are unchanged. The made in the Stobbe formulas, is not nearly so
same general procedures are used here as in the good for L and 3f shells as for the K shell. In-
original publication for the energy region from creases ranging from 17 to 38 percent are indicated
10 key to 100 MXev. In addition, we include some for Mo, Sn, and I and from 40 to over 100 percent
data for a numl)er of elements based on experi- for the very-high-Z elements (Z _74). 'he
mental measurements below 10 key and some estimates for elements Mo through U below the
information up to 1 Bev. No attempt is made to K edges are the only ones for which the accuracy
break down these total attenuation coefficients of the estimates given in Circular 583 falls below
into contributions from individual absorption the stated amount.
and scattering processes. Considerable new experimental data are also

No revision is requiredt at this time for the now available above 20 M,\ev [9, 10, 11, 12].
intermediate energy region from 100 key to 20 There is a general trend in the region below 100
Mev. There are no new measurements of total Mev for the experimental values of the total
attenuation coefficients at, these energies. The attenuation coefficients in low-Z elements to be
estimates just, below 1 M'ev have been substan- several percent higher than estimated in Circular
tiated to within an experimental error of 2 per- 583 We give here a brief account of recent
cent in recent direct measurements of the photo- 5evelope giv indcate attempt tf re
electric cross sections of Cu, Mo, Ag, Ta, and lopments and indicate attempts that have
Au for Cs'37 radiation [2]. A direct measurement )een made to understand the measurements. A
of the l)hotoelect-ric cross section for Pb at 0.511 revision of the estimates of Circular 583 at higher
Mev is also in reasonable agreement with the energies will be given in a future publication when,
estimates already given [3]. it is hoped, the theoretical picture may l)e clarified.

2. Low Energies (hv * 40 key)
Table I shows ti range of recent, good measure- Deslattes who claim estimated uncertainties of

ments of X-ray attenuation coefficients at energies less than 1. percent [4, 5]. Each will give the
below 40 key [4, 5, 6, 7, 8]. The accuracy claimed (letails of his work in a forthcoming paper in the
by ea('h experimenter is listed in table 2. Most of Physical Reiliew; Bearden is currently extending
the data art, due to Alan J. Bearden and R. D. his measurements )elow 10 key to other elements
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111( solilewliat, lower puieries. Frenich mleatsured dll p~er toni to( give aii experiment al )0 poclec-
maiss--attenluatiol Coe'fficienlts for Cit 1111 Al (towni 1i ncrs (To etioli. For Z ;5 :30, tile relat ive devi-
to 1:1.2 kev; Hop~kins extenided thiese da ta to 7.5,- lition or t hi liliit t fronti the phIotoelctric crosskey and( to t he other elemeonts listed in iv lhta id(- sectiol caIlae by thle Sauter-St-olbbe formnulais
16]. The( (data of Roof for TPit, IT, 0111 1P1 are !oii- MaS smloothled as a funtion of Z b~y a least-squaressist ent, withl those available for WV, Pt., and Au ; fit for a straght line. 'Ric smioothed exJpericeittal
however mnost of his Jfleasui'ents for thle light j~lotorlect~ic cqrs sect ions are given in coltiinn A)
elments at 17.48 keyv (Mo K., raditifon) dlepart. of tables 4 through 29 and( tire used to calcullate
sulbstait ianlY from, t hose of ot her experiments 17]b t-he totails in columins 6i andl( 7; for comparison,

Th~e experimoi lital coverage is farl fromn complIete (,tIit( cailclated photoelle~ hctri ncrs ( e55ctijons are
sothat. extensive illtenlolatfioli with resp~ect to lit(inol n4.Tenw xjrmnal(a

enlergy a11( atomiic nuliler is reqjuired for a1 sste- for Zr (40) through Snt (50) were usedl to revise
miat ic tabuinlat ion of at tenuiat ion coefficienits. For tOle t ables for Mo, Sn, 1111( 1. At eacth energy
each elemient listed in taIlk, 1,. all thle exxperimelial Ole logarithml of tile exp~erimenital photoelectric
data Were plot1ted onl a1 Ill ge grapht as funct ionis of cross sect ion is- a goodl linear function of Z inl this
energy. The cr-iitical aborpti dgeswrelocait ('(I region so that; it straight-line fit lby thle nietlio
tit the energies listedl ill table 1 . A smooth curve of least squares wats determinied. Ph'lese lines were
was drawnt through the poits between edlges. extrapolated to /=53 to Ob~tainl new Vailues for I.
Valules rend1 of this curv at 3, 4, 5, 6, 8, 10, 15, 20. Duie account was takenl of thle absorpfioll edges

1)1( :30 key were coniverted to cross sectionis perI anld log-log p~lot s of the adjusted phiotoefrect cross
iitoin hiy -i tlt iplyillg by AINA4 , wher~e N.. serthins as funcl(tionis of eniergy aided inl comlplet -

Avoadr'sIlfle 1(1Aith21tf I ~vis luig tite t able,;. Th'lere is less thIaii 2-percent differ-
At each eniergy thle cross sections p~er iltoilshul (lice aewe ny experimental poilit am!d the
be smlooth funct ions of Z so that, one call it erlpo- correspoiidinig 1)oiilt ob~tainled by thle last-squares

lat fo mssii('elmens.The two-war smoothing fit.. Below t he K edges the tiew~ value,, for thle
versus ellergy and1( / was dolle 1y successivel minssli-tet (11101iou (oefhicienits for thIese elemient s
al)1roxiniat ions for differenit groups of (lata . At are 20 to 40 percenlt igher than those calcuilat ed
at particular elneigy, start ing withl tilie lightest from Ontle St olble formuhas. P~erhiaps this st raighit-
elements, t hose whose K edges lie at lower enlergies linie ext rap~olationl is hot, good. Inid~enltallly, tile
formi one group, t hose whose K ediges lie at.( higher llew values (10 agree well wvith those complliled by
energies and L edges ait lower enlergies formn Allen for Comipt on anol Allison's boo0k 1141.
anoiher, andiol on1. IFor eMHiillle at 3 key Muemiits he new est-imlates of the mauss;-ait t ell till1ttioli ('0-
b~elow Cl at, Z= 17 form oi1W group~ and it t10 key eflicients for thec heaviest elemienfs (7 741
elements below 7- :0 (zni) form anio ther. (epid 111)01 the expermental da for VA Pt

Trhere have~( beenl 110 calc(ulations of ti( effc olf Ali U adIl 45, 71, which lire not very
binding oii senttel'ilg cross sections below 10 kev. comliplete. .rhe L-lll)50r)t iOn edges b~reak uip thle
Trherefore, ill this region tilie total cross sect ions region so th1A smloothing versus 7 is possib~le

per ~ ~ ~ 2, atliwr ilohe rpial funion oly tvit 10? 15, lin( :30 key. This wtas (lone graphl-
of z. rhie fitting was aided by log-log )lots of the atIllvb Pil f semiilog p~lot of the experi-

att~na oncofhint vrsso'it~' Vd i9 intlt 'pooeetric cross sect ion (ill barns per
sittaight io ofest t erus belowp Wh';ih 1.or li to0111) It5 ai fulictiOll of 7. Values foi. Tl 1111( Pb)
1)lvg10 liey t g ey in t bel owfi. s rhe lilsuxits hint l~l e)olited fromt these curves were addoedl t-o thte
teo ighe ergyivoen i te 3oft, 11(1'l wit total1 scat ternhg Cross sectiolls. and1( tile totails werethe ighr enrgyvales il fic thertabes.plotted onl log-log paper as functions of enlergy

M\ ore prlecise siloothlilg of tilie dlata %%It pOSiossi- for each elemnit . IThese forml st raighit* lilies lb-
ide tit 10, 1-5, 20, and :30 key. The t hree groupjs t weeii edges. Tlhe results of thins t wo-way sm'ioothi-
of illterest, which tile elenieiit~s for-a forthiese ilig ando initerpolatinig tire giveni iii tale,, 22
energies are t hose with Zi 5 W , 40 Z W:1 thiough 26. The agreement with1 Allen's alues
and Z ; 74. (Elements with Z ibetweeii 5:3 lild is very good1 for Pt, good for XV 211( Pt. aiway front
74 tire oniit~t ed.) Thle total scat t ering (coherent the edhges, -fair- for 1taiid poor for T1i. Althtouigh
plus1 iiicohiereiit) correct ed for b~ininig effect s, thle iiew% est-iniat es mnay he too high, t hey aire lis(d
which is giveni b)oth. here aild ini Ciicilor 5M ill onil tile only cxjperi uncut at Values t hat' tire avail-
tiie second (t ohiiniil of tile table for cacti elemeiit, aible. ,h['ie exper'imntal procedure of reference 17]
was suhhnta('toed frntl thle exlimeninit at (TOSS m(- will be (his-uisse(1 iii reference 141.

3. Intermediate Energies (30 < hv < 100 key)
T[ie( only hew%% exp~erimenta'l t doata ait (eergies liev wvi ti prlobabile errors 110 great er than11 2 percent.

ab~ove :30) key are-( foir AL ('it, St, iind Anl ait 40 and1( Joiies 116] coveredl the( hiigii-/ riange ait ener-
Kev. riiese oIlatal together with Ole hew V'alues lit gies fromt 67 to 447 key withl liii average probable
:30 key for till X mutst. hue inade 'onlsistent wit h, the err~or of 0.8 percent. There is nothing of coi-
older- (athi of high accuracy ieniod in ( iiwuilar parable auccuraicy bet wetin 40 and 60 key. A
58:3. Over 20 years ago, ( !ityken(Iahll 1151 iieastilred coiiiparikon het. veen ( tivkendlall's low-Z daita a11(
low-Z, materils at. energies iiut-weeui 60 and 250 p~redhict ions baosed Onl t lie Saiiter-Stobbe formulas
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shows t ha~t ht e Xperi init t v atlies are ft'otii eoe1fliceit fo liltlel its Nvit li io a re obt tiiiit'
to 11) ptieret hligheri t him thit eiiltilatet'I (itit', lv 5 milooth ltti bet%%'t'eltiIle pevdivt ionis of thle
hat tInis (iftt'rt'lve goes to zero tit aibout 100 kt'v, Siiilttt''Stobln' foriiitts iabove 40 key aindt thle

aind t hatI for ('If thle di I'erent'e is zero tit till thlese recent eXpert iet hall vialutes bel-ow% thaiit enlergy. %
t'nergies. ( 'Nykenlatll's da ta fron 60 to 90 k'im on's (Iiia for \ t) nn lI Sn abhove a bout, 70 key:
art' liirg' relaltive to thle ciilcteii( vallit's thlii iigr1et wilth Ile t'stitiiittes griven ill( Ciwnhllil 58:3.
te newer diiia ar me at. about, . 5 key. Ii ow(et'r, the Ther'te aire lIt) Iti(-\\ expvtti iit III dthuit for t hiese
ilivertin t v ill thlet calcula tionts is abu Ol11 te Sallie mlat erats atbove' 30 keyt so t hat cailcul at ed Values

fromil a hon t 3.5 to 100 ktv., providled th lent ivie are tt 1551 itt Iiih~)t tbo it'e K vetts. lie-', thiita for
i'tgionl is fail abovt' tilit K-abs)orptionl v'ges-. There- Ph l th Ile viciiii t of tilit K etlge iigi'i're w\itl Ii1t1pe
foretile lt' iiret estimtets for thlit aUte(lltilt ioul revisv'd vallits givten ill tial)lv 2.

4. High Energies (hv-1> 10 Mev)

tt' n nit t ioul ctt'fhi t'it ts for it tanigt' of 'lt'n itt lr ceiNtt tirt' w as rt'tolliflt'tillt'I 1' RIto l lih. h e
at tiiergit's abhove 10 \ Ietv aire griv~ett ill figi re 1 . rt'cet'i v lie at (l 'Josephi r'-tvililitet' theit t'xt'lalge
Thit southI curves ar rtilit totails 'st ilnia t ' ill tcorriec t ioll ill t'e high etnergy limiit showitig. that
C irculiir .583, aind thle poinits are th lit'e'timtiit lId tlt coiist alit inl eq 1:1, ( it't'tliir. 583, is t'xactl *v
dat a now availablte. Tlit lau ' arte qiui t' voil- 100/9 itist eatl of ii .3±+0.-5[13]. Intitlt calst' of
sistet' anld inIicit-e l'etarl v t hat fot low-Z ma11- IliIogeti , t his corretion r'aistes th li' 'toss set'ttion
Iterials, t'e Valuets bast'd onili the iory' assulttn't ill for pall. produtct ion in the fiteltd of tite telectrotns t.t
Circulari 583 art' too low b\- stevtetal pectttl . :30, 40, (60, 80, and 100 Nfev by 0.1 mb and tit 50
This tlist'rtpattty was5 itudiicat t'(l ini ( i:-cttat' -583~ Xev byv 0.2 nib. Neglecting dle it'ofect tof binding
hilt niot 'o Itsith'etl( to i)( se'rious btealse of tlet o)il the atomic elt'ct~rotis, revisedl values of t his
htm it'tt eXperimlenitalI informlationl available at, that, crioss sectiton for theri elemtits are obtained by*
lit' and( tl( lielg'it''il diffieltdtv of assignIinlg a1 mult iplyintg that. for hydroge'n by Z. The saint'
tltfilit e cross stetiton to efacli of thie Vaius Pt'oc- result is obtainied ab~ove' 20 iNfev by numterical
esst's t hat, cont rilbtt.ts 1.o thle total atttenuat ion ititt"gtatioi of t'e formiulas of Wilieelt'r and Lamb
t'ttffit'it'it 'iltttt [30] for Ilydtrogt'ui ovter tile t'irvof til' posit roti

Prestenteiec conlfirmis tile( earlier tretnid and filld subtract ioti of thte extchangte corrtect ion of
potiints to at sublstanitial prlob~lemi above 10 Mev. .Joseph anid Rohirlich [331.
WoUlff ntastured tOle( total atltnuat-ion covt'fiuietits Rec('ntlv Still indi B('tlt, followitig the wvork of
of ('and 1120 at. 20.3 andt 20.8 *Mev, which is in Boi'sellino, have studited the theory of electron
lie rtegion of strong phiotonltlcar absorption 1121. pair prodlt ion inl til' fieltd of at tartficte of arbi-

W~vctkofy int Koch mad1(e very extensive anid I rary mass [29, 35s]. Thit rt'coil-nioment~tum-dis-
it('cltrat' tn'asut'emenits for C., 'Al, 1120, andl H- trilbiutiott function for higli-:ncidet, phiotonl cier-
from 13 to 82 MNev 112]. The other ntew~ data gies which thley Obtaine'd for the cast' of a recoil
be(low 100 XM'v were obtained by Mloffatt, tet il., electron originalfly 1bound( in aii atom agretes, with
ait 94 NMev for a range of t'lemneits fromn H to U that of Wli('eler'and Lamb [:30]. leatsurements
1101. Informiation about. high-Z elenients is still of electron p~air' lrotltictioui in the nuclear field
tnot adequate. Theit' easuirements abovet' le and itl Ol he tltctrzott field ill a liyNdrogenl-fitk'd cloud
pliotonlicleal' regioni (35 Mfev) for C , Al, andi chamber by 'Hart,, ('occoni, et, ail., b7etween 10 and
14.0 art' eslpt'(iallY accuiralt' with Ii aximum litteuner- 100 Mev ati' also ini agro't'ment with the Wheeler-

tli~i' fa~~u.09p'ctit10 l.Lamb caltculations [34]. 'Mahiunut com pares the
It is uinclear t.t thlis timle wvhat t-he best ('stiliates resuilts of acclurate experimentts above 40 Xlev wvit~h

arte for calculated Valutes of thle crioss sect-ions for calculations of total attenuation coefficients at
iimdivi(Ilual p)rocetsses ait. high t'nt'rgies, p~articutlarly these energies 19]. He fintds that measurements
for electron p~air production in the field of thle in Be ai( C( clt'arlv agret' withi the WhieehIvr-Larnb
aitomic ('l('(t.ronts. In the first report of this serie's pre'dic'tion and( disagrete with IttI' Wheeler-Lamb
[28], calcutlatioiis from thme Boi'sellino results fotr result, redltc"d by thte txchilige c'orre'ctioin of
frtee electrons wvere used up to 50 Xlev 1291, withi Joseph anld Rohlicili. Mt'asirt'ettelts inl H anld
anl extrap~olation to higher enlergies ai(tedl by thle Li are inctoncluisivte.
resuilts of Wheeler and Lamb 1:30]. All exp~erimettt was designied inl thlis laboratory

In Circular 58:3, calculationls of thle pail' cr'oss to dtecidte whet'ht'm' th li'dis(crepanc'y bttweetn expem'i-
sec(tionl in the field of electroins we(re' madle by usinig ment and cutrrent 'stfimates shouild be assigned to
tile for'mulas of Votrubai for thle limitinig ciists of utuceleat' ot' eletroit effetcts [IlI]. The result of
photonl eniergies iteat' thle threshold Value antd large this was that, veni though 1n1 uipper limit, w~as
compar~ed to inc2 [:311. A graphical interpolationl takl for pailr production itl the' elt'ct'oti field, thle
wias made for thie ilitel'In(diat~e ene rgy re'gionu. nuclear pail' ciross st'ction was still too lowv by 2.25
This wvas accomplished b~y et'Xttaptlatiig the cturvtes per'et. (fort' andI Al). Aui exlplo'ationl was made
for' thle limit'ing cases antil using tht' calculationis of to stet what. the' tefftct, wvould be of replacing
Borsellino [29] aig a guide to the shapte of tite Thomas-Ft'u'mi for'm fac toirs 1v Ha'tree form fae-
curve in thlit in tt'mmedia te regioni. This gtener'al tot's ilali stitlt ger ing calculationi fom' iitl('lai'P' pfi'
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Tlw Sol id I eu-Ves Ir' thet ttols glvven in NBIS C lrculitr 83. Thel, I motnt s lire ex 1 mrimitil olat af rom the follow ing sotj rceel:

0 Mitlumud It)] 0 A nderson, et al. [ 19, 20]
SMoffatt, Thresher, Weeks, 0 Cooper 1121

Wilson 1101 Ai Rosenblum 1221
o Wyckoff and Koch [111 11 Walker 123]
o Wolff 112] V Colgate 1241
* Lawson 111 Berman 125]

@Dewire, As1kin, Beach 1181) iam 21

p~roduction and also rp~lacinlg the lugh-energ ;y the attenuation coefficients tit high energies seems
ap~proximation madle in Bethe find Heitleres unwarranted at, this time.
formula 114, reference [27], by the exact no screen--_____
ing expression, eq 110, reference [27]. A sample
cal culation for C and Al at 60 Mev shows that Tile author thanks the many scientists who
these two efects ntearly cancel so that the net have sent hcr reports on their research and pre-
result is to dlecrease the pair eross sections given prints of their publications and the members of
in Circular .583 by 0.7 percent. this laboratory who have helped her by contrib-

In view of these considerattions, a revision of uting generously of their time and information.
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